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ABSTRACT 30 
Unprecedented species loss in diverse forests indicates the urgent need to test its 31 
consequences for ecosystem functioning. However, experimental evaluation based on 32 
realistic extinction scenarios is lacking. Using species interaction networks, we introduce 33 
an approach to separate effects of node loss (reduced species number) from effects of link 34 
loss or compensation (reduced or increased interspecific interactions) on ecosystem 35 
functioning along directed extinction scenarios. By simulating random and non-random 36 
extinction scenarios in an experimental subtropical Chinese forest, we find that species 37 
loss is detrimental for stand volume in all scenarios, and that these effects strengthen with 38 
age. However, the magnitude of these effects depends on the type of attribute on which 39 
the directed species loss is based, with preferential loss of evolutionarily distinct species 40 
and those from small families having stronger effects than those that are regionally rare 41 
or have high specific leaf area. These impacts were due to both node loss and link loss or 42 
compensation. At high species richness (reductions from 16 to 8 species), strong stand 43 
volume reduction only occurred in directed but not random extinction. Our results imply 44 
that directed species loss can severely hamper productivity already in diverse young 45 
forests. 46 
 47 
MAIN TEXT 48 
Concerns over the accelerating loss of species 1-3 have led to more than 600 experiments 49 
studying how biodiversity affects ecosystem functioning 4. These experiments have 50 
shown that species loss generally reduces plant community productivity and its temporal 51 
 4 / 43 
 
stability 4. Most experiments simulated the random, trait-independent loss of species; less 52 
than 2% implemented designed non-random extinction scenarios (Supplementary Table 53 
1). However, random loss of species may be atypical in nature. For example, species loss 54 
may depend on species attributes (e.g. body size, rarity, and sensitivities to environmental 55 
change), which may be related to phylogeny 1,5-8. Forests account for 75% of terrestrial 56 
gross primary production globally 9 and their biodiversity is threatened by environmental 57 
change and deforestation 2,10. Yet, no experiment has been conducted so far to test 58 
impacts of directed tree species loss on ecosystem functioning (Supplementary Table 1; 59 
but see two forest studies based on simulation 11,12).  60 
Effects of directed species loss on ecosystem functioning may differ in two ways 61 
from effects of random species loss. First, directed loss of species could lead to directed 62 
shifts in average attribute values of post-extinction communities, which could in turn 63 
affect ecosystem processes 13,14. For example, severe drought may lead to the loss of 64 
species with high specific leaf area (SLA) due to their intolerance to water deficit 15, 65 
which in turn may reduce productivity due to the loss of species with fast growth rate16. If 66 
lost species (representing lost nodes in species interaction networks; Fig. 1) had higher or 67 
lower contribution to ecosystem functioning than remaining species, effects of node loss 68 
on ecosystem functioning may be negative or positive, respectively (Fig. 1 and 69 
Supplementary Table 2). However, random species loss by definition should, on average, 70 
not lead to directed shifts in community-weighted mean attribute values of 71 
post-extinction communities. 72 
Second, directed species loss often removes species with extreme attributes 1,5,8 or 73 
high evolutionary distinctiveness 6,7, which in turn may increase species similarity in 74 
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attributes or phylogeny of post-extinction communities. Species similarity is often 75 
associated with species interactions which correspond to links in species interaction 76 
networks (Fig. 1). For example, competition may be more severe among species similar 77 
in attributes or phylogeny due to high niche overlap 17. However, random species loss, on 78 
average, should not lead to a change in mean pairwise species similarity in 79 
post-extinction communities 18. 80 
Species loss could change species interactions and links in at least two ways: losing 81 
interspecific interactions associated with lost species (link loss) and increasing frequency 82 
of interactions between remaining species (link compensation; Fig. 1). If lost links are 83 
dominated by processes associated with niche partitioning or facilitation, post-extinction 84 
communities without these links may have lower ecosystem functioning than 85 
pre-extinction communities (Fig. 1 and Supplementary Table 2). If lost links are 86 
dominated by strong interspecific competition, post-extinction communities lacking these 87 
links may become more productive than pre-extinction communities (Supplementary 88 
Table 2). Remaining species may maintain total community density (i.e., number of 89 
individuals per area) by increasing their own individual densities (i.e., full numerical 90 
compensation) after species loss 12,19. The increased individual densities of remaining 91 
species could increase the frequency of interactions between remaining species (Fig. 1). 92 
If remaining links are enriched for niche partitioning or facilitation, post-extinction 93 
communities may be more productive than pre-extinction communities (Supplementary 94 
Table 2). If remaining links are dominated by strong interspecific competition, 95 
post-extinction communities may have lower ecosystem functioning than pre-extinction 96 
communities (Fig. 1 and Supplementary Table 2). 97 
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In this study, we assessed the impacts of random and directed species loss on 98 
productivity over seven years in a subtropical forest biodiversity experiment in China. 99 
The part of the experiment we use here consists of a total of 469 plots that harbored 1 to 100 
16 tree species on an area of 0.067 ha (Chinese land area unit of 1 mu). We used a pool of 101 
40 tree species to simulate both random and non-random extinction scenarios at two sites 102 
20,21 (Extended Data Fig. 1). Each site had a pool of 24 species. For the random species 103 
loss scenario, we randomly sampled three pools of 16 species from the 24 species present 104 
at each site (Extended Data Fig. 1). These pools were then randomly divided into halves 105 
and this procedure repeated, yielding nested, non-overlapping subsets of 8, 4, 2 and 1 106 
species. In this design, the average species attribute value of two lower-richness halves 107 
equal that of the corresponding pre-extinction community with twice the species richness. 108 
Also, each species has the same extinction probability across richness levels. For the 109 
scenarios of designed non-random species loss, richness gradients were derived from 110 
species pools with decreasing local rarity or specific leaf area (SLA) 20 (Extended Data 111 
Fig. 1). Total community planting density was constant, reflecting the above-mentioned 112 
full numerical compensation of lost by remaining species (substitutive design). 113 
In the designed random scenario, the average difference in the community weighted 114 
mean (CWM, weighted by planted abundance) attribute values between a pre-extinction 115 
community (e.g., a four-species community [A, B, C, D] with the letters designating the 116 
species) and its two post-extinction communities (e.g., [A, B] and [C, D]) should be zero, 117 
i.e. neutral. However, for each extinction step descended from a given pre-extinction 118 
community (e.g., [A, B, C, D] [A, B]), CWM differences could range from non-neutral 119 
to neutral (Extended Data Fig. 2). Therefore, in order to consider the full range of 120 
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attribute shifts due to species loss, we combined communities from both the designed 121 
non-random and random extinction scenarios and constructed new extinction sequences 122 
of directed species loss from the entire set of 469 plots. We did not assess differences 123 
between the designed non-random and random extinction scenarios, because the latter 124 
were based on incomplete species attribute information at the time we designed the 125 
experiment. 126 
We derived four new types of effectively non-random extinction scenarios, in which 127 
species with the following attributes went extinct first (Table 1): species with high SLA 128 
(as measured in the experiment), evolutionary distinctiveness (ED), regional rarity or 129 
from small clades (small family sizes). These four attributes are known to correlate with 130 
extinction risk, represent a wide spectrum of extinction mechanisms and have been 131 
widely studied in previous research (Table 1). Richness gradients in the new extinction 132 
scenarios were created from extinction steps where the remaining species were those with 133 
lower extinction risk based on the particular attribute (Extended Data Figs. 3 and 4). We 134 
assessed the difference between the new effectively non-random scenarios with the 135 
designed random scenarios. Species attribute compositions in the designed random 136 
scenarios were associated with similar extinction risks across richness levels (Extended 137 
Data Fig. 4). 138 
In all plots selected for the different extinction scenarios, we measured the height 139 
and basal diameter of the surviving trees in the16 central planting positions and 140 
calculated the stand volume per plot as the aggregated volumes of these trees using 141 
allometric equations derived from trees harvested near the experimental site 21. This stand 142 
volume and its annual increment were used as productivity measures. Stand-volume 143 
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increment is the short-term productivity in a specific year. Stand volume is the long-term 144 
productivity accrued since planting of the tree communities and one of the critical 145 
determinants of short-term productivity due to the size-dependent metabolic constraint 22. 146 
We compared the impacts of species loss on forest productivity along five types of 147 
extinction scenarios, which were classified as random or directed by the four species 148 
attributes.  149 
To explore the mechanisms driving the impacts of directed species loss on 150 
productivity, we developed a partitioning method to decompose the net extinction effect 151 
into a node-loss (monoculture difference between remaining and lost species), a link-loss 152 
(reduced species interactions associated with lost species or nodes) and a 153 
link-compensation (increased frequency of species interactions between remaining 154 
species or nodes) effect (Fig. 1 and Supplementary Table 2; Decomposing the net effects 155 
of species loss on stand volume in METHODS). Species interactions could have positive 156 
(niche partitioning or facilitation), negative (competition) or neutral contributions to 157 
mixture productivity (Fig. 1). We focused the partitioning analysis on stand volume, our 158 
measure of longer-term accumulated productivity across years. The objectives of this 159 
study are to (1) assess the impacts of multiple scenarios of species loss on forest 160 
productivity, (2) disentangle the mechanisms driving the impacts of directed species loss 161 
on forest productivity, and (3) compare the impacts of directed with those of random 162 
species loss on forest productivity. 163 
 164 
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RESULTS 165 
Effects of species loss on productivity 166 
We found negative effects of species loss on stand volume for all random and directed 167 
extinction scenarios (Figs. 2 and 3). Halving of species richness reduced stand volume of 168 
seven-year-old mixtures by 2.87, 1.56, 5.22, 0.78 and 4.19 mଷhaିଵ on average for the 169 
random extinction scenario or those directed by specific leaf area (SLA), evolutionary 170 
distinctiveness (ED), regional rarity and inverse of taxon size (small family size), 171 
respectively. The negative effects of species loss were statistically insignificant or weak 172 
at the beginning of the experiment but became strong and significant as stands developed. 173 
This resulted in a temporal strengthening of the trends that we found (Fig. 3, 174 
Supplementary Table 3). The random and directed extinction scenarios had comparable 175 
effects in general, with differences that depended on the specific attribute driving species 176 
loss (Figs. 2 and 3). Species loss directed by ED and inverse of taxon size had stronger 177 
effects, while species loss directed by SLA and regional rarity had weaker effects than 178 
random species loss. 179 
We found similar results for the effects of species loss on stand-volume increment 180 
(short-term productivity). The effects were weak at the beginning of the experiment but 181 
became strongly negative for all the five extinction scenarios as our forest stands 182 
developed (Extended Data Figs. 5 and 6, Supplementary Table 3). Species loss directed 183 
by ED had the strongest effects, while species loss directed by regional rarity had the 184 
weakest effects. However, the differences in species loss effects between extinction 185 
scenarios were less evident on stand-volume increment than on stand volume. 186 
Nevertheless, in the latest year of measurements, halving species richness reduced 187 
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community stand-volume increments of mixtures by 1.63, 1.26, 1.96, 0.74 and 1.75 188 
mଷhaିଵyearିଵ on average for the random extinction scenario or those directed by SLA, 189 
ED, regional rarity and inverse of taxon size. 190 
Stand volume was significantly higher in communities containing species with 191 
higher SLA or ED or from smaller clades in the corresponding extinction scenarios 192 
directed by SLA, ED or inverse of taxon size across richness levels (Supplementary 193 
Table 4), indicating that attributes directing species loss were important in driving the 194 
species loss effects on productivity in these three scenarios. However, for the scenario 195 
directed by regional rarity, the community mean value of species regional rarity did not 196 
have a significant impact on stand volume (Supplementary Table 4). 197 
Mean pairwise similarities between species in post-extinction communities for SLA 198 
and ED decreased faster as richness decreased in the extinction scenarios directed by 199 
SLA and ED, respectively, than in the random extinction scenario (Extended Data Fig. 7). 200 
Stand volumes were higher in communities with species more dissimilar in SLA and ED 201 
along the extinction scenarios directed by SLA and ED, respectively (Supplementary 202 
Table 4), indicating the importance of interspecific interactions in mediating species loss 203 
effects in these two extinction scenarios. We do not present species similarities for 204 
regional rarity or taxon size, because species differences in regional rarity or taxon size 205 
do not have a clear biological meaning with regard to their effects on ecosystem 206 
functioning. 207 
 208 
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Decomposing the net effect of species loss on stand volume 209 
We developed a partitioning method to decompose the net effect of directed species loss 210 
into additive contributions from node loss, link loss and link compensation (see worked 211 
examples for the partitioning in Supplementary Table 2). We applied the partitioning to 212 
the two extinction scenarios directed by SLA and ED, for which we had good replication 213 
(12 plots at least for each richness level of each scenario, Extended Data Fig. 8). We also 214 
calculated the net effects of extinction steps in the random scenario. The effects of 215 
species loss in nested community pairs (i.e., extinction steps) on stand volume varied 216 
greatly, depending on the richness level of the pre-extinction community and the type of 217 
extinction scenario (Fig. 4). 218 
The negative net effects of species loss became more prominent as forest stands 219 
developed for all the three scenarios investigated (random, SLA and ED) (Figs. 4 and 5), 220 
consistent with the results obtained from direct regression of stand volume against 221 
species richness 19 (Figs. 2 and 3). However, the temporal patterns across richness levels 222 
of pre-extinction communities differed between the random and non-random (directed by 223 
SLA and ED) scenarios. For the random extinction scenario, the temporal strengthening 224 
of net effects was statistically significant at lower species richness levels (extinction steps 225 
84, 42 and 21 species) but not at the highest species richness level (step 168 226 
species) (Fig. 4 and Extended Data Fig. 9). The pattern reversed in the scenarios directed 227 
by SLA and ED, with stronger temporal strengthening at the higher species richness 228 
levels (steps 168, 84 and 42 species) than at the lowest richness level (step 21 229 
species) (Fig. 4 and Extended Data Fig. 9). The net effects of species loss in in the latest 230 
age of seven years also showed the richness-dependent reversal between the random and 231 
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non-random extinction scenarios (Fig. 5). For the random scenario, the net effects were 232 
significantly negative and strong at the lower species richness levels (steps 84, 42 233 
and 21 species), but statistically insignificant and weak at the highest species richness 234 
level (step 168 species). However, for the non-random scenarios directed by SLA and 235 
ED, the net effects were significantly negative and strong for all species richness levels 236 
except the lowest one (step 21 species). 237 
The relative importance of the three additive components of extinction effects varied 238 
among species richness levels of pre-extinction communities. The node-loss effects were 239 
important in 8-species communities (step 84 species), while the effects of link loss 240 
were important in16-species communities (step 168 species; Fig. 5). 241 
Node loss had negative impacts on stand volume in general for both SLA- and 242 
ED-directed extinction scenarios (Figs. 4 and 5), indicating that lost species (high SLA 243 
and ED) had a higher contribution to stand volume than remaining species (low SLA and 244 
ED). The negative node-loss effects strengthened as forests developed (Fig. 4 and 245 
Extended Data Fig. 9). The temporal strengthening was strongest in 8-species 246 
communities (step 84 species). The node-loss effects at the latest age were strongest 247 
and significantly negative in 8-species communities for both directed scenarios (Fig. 5). 248 
The effects of link loss on stand volume also tended to strengthen with stand age for 249 
extinction scenarios directed by SLA and ED, but the temporal trends were significant 250 
only in 16- and 8-species communities (steps 168 and 84 species) (Fig. 4 and 251 
Extended Data Fig. 9). At the latest age, the effects of link loss were significantly 252 
negative at the highest richness level (step 168 species; Fig. 5), indicating that the loss 253 
 13 / 43 
 
of interspecific interactions reduced stand volume. The negative effects of link loss 254 
weakened with decreasing richness of pre-extinction communities (Fig. 5). 255 
The effects of link compensation on stand volume showed a more complicated 256 
pattern across time and richness levels. As forest stands developed, the negative effects of 257 
link compensation became more prominent in 4-species communities (step 42 species) 258 
for both SLA- and ED-directed extinction scenarios (Fig. 4 and Extended Data Fig. 9). 259 
However, in 16-species communities (step 168 species), the positive effects of link 260 
compensation became more prominent (Fig. 4 and Extended Data Fig. 9). In the oldest 261 
communities, link compensation increased the reduction of stand volume in 4-species 262 
communities (step 42 species), but buffered it in 16-species communities (step 168 263 
species; Fig. 5). 264 
 265 
DISSCUSSION 266 
Predicting how realistic extinction scenarios will affect forest-ecosystem functioning is of 267 
vital importance for both biodiversity conservation and forest management in the face of 268 
global deforestation 2,10. In this study, we found that the detrimental effects of species 269 
loss occurred early or later in the extinction sequences, depending on the attributes of 270 
species loss. Directed species loss from communities with the highest richness level (step 271 
168 species) had strong negative impacts on stand volume, while random species loss 272 
from communities with the same richness level had weak impacts. Our results have 273 
potentially far-reaching implications for biodiversity conservation in species-rich forests 274 
confronting realistic species loss. 275 
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Overall, the magnitude of reduction in forest productivity was not always less severe 276 
with random than with directed species loss. On average, halving species richness 277 
reduced stand volume of seven-year-old mixtures by 2.87 (95% CI: [1.34, 5.03]) and 3.03 278 
(95% CI: [0.29, 6.33]) mଷhaିଵ for the random and directed extinction scenarios, 279 
respectively. This indicates that biodiversity experiments based on random species loss 280 
can still provide valuable information about the general trends of ecosystem functioning 281 
under species loss driven by multiple species attributes or events.  282 
The productivity loss varied between directed extinction scenarios, depending on the 283 
specific attribute on which the species loss was based. Stand-volume reductions caused 284 
by a loss of 50% of the evolutionary distinct species (5.22 mଷhaିଵ, 95%CI: [3.71, 6.86]) 285 
were over six times higher than when 50% of the regionally rare species were lost (0.78 286 
mଷhaିଵ, 95% CI: [0.13, 2.08]). These findings are in line with theoretical simulations of 287 
species loss based on multiple species attributes that showed divergent patterns 12,14,19,23. 288 
This suggests that biodiversity experiments based on random extinctions can both 289 
overestimate or underestimate the impacts of non-random, directed species loss, 290 
depending on the specific attribute conferring high extinction risk. The difference in 291 
species loss effects between random and directed extinction scenarios was less evident 292 
when we analyzed yearly stand-volume increments rather than stand volume accumulated 293 
over the years. This suggests that differential impacts of species loss only become evident 294 
when small effects on short-term productivity can accumulate over time. 295 
We predicted that the magnitude of the effects of directed species loss can be 296 
influenced by two factors: (1) a positive or negative correlation between the contribution 297 
of a species attribute to ecosystem productivity and to extinction risk and (2) increased or 298 
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decreased species similarities in attributes or interactions between species in 299 
post-extinction communities. We found positive relationships between stand volume and 300 
the CWMs of SLA and ED, and negative node-loss effects for extinction steps directed 301 
by SLA and ED. However, CWM of regional rarity had a weak and insignificant effect 302 
on stand volume, which may be one of the reasons for the weak effect of species loss on 303 
stand volume in the scenario directed by regional rarity. Species-attribute correlations 304 
with ecosystem functioning and extinction risk may vary in different ecosystems and for 305 
different ecosystem functions. For example, local rarity-driven species loss was found to 306 
increase invasion success in grasslands 24 and reduce the rates of nitrogen use in coastal 307 
seaweeds 25, but to have no detectable effects on productivity in grasslands 26. Therefore, 308 
to improve prediction reliability about the impacts of directed species loss, we need to 309 
better understand the relationships between species attributes and extinction risk and the 310 
subsequent effects on ecosystem functions of interest 13,14. 311 
Extending previous studies, we tested how directed extinction scenarios affected 312 
forest productivity by changing interspecific interactions. We found that species 313 
similarities in SLA and ED decreased faster with decreasing richness in the extinction 314 
scenarios directed by SLA and ED as compared with the random scenario where the 315 
CWM of SLA or ED were not reduced along extinction steps. This difference could be 316 
large in hyper-diverse ecosystems such as tropical and subtropical forests, given their 317 
high species redundancies with respect to traits and evolutionary histories 7,27. This 318 
implies that directed species loss from species-rich communities can severely hamper 319 
ecosystem functioning if species similarity is correlated with interspecific interactions 320 
17,28. In contrast, random loss of the first few species from species-rich communities 321 
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should have minor impacts on ecosystem functions due to the mentioned species 322 
redundancies 29. We found that the net effects of directed species loss (based on SLA and 323 
ED) on stand volume were strong at the highest richness level (step 168 species), while 324 
the net effects of random species loss were weak at the same richness level. For these two 325 
scenarios of directed species loss, the effects of link loss strengthened with the richness 326 
of pre-extinction communities. These results suggest that directed loss of species from 327 
species-rich young forests could reduce productivity and losing interspecific interactions 328 
associated with lost species might be one of the causes. The results also highlight the 329 
importance of species interactions besides the response–effect relationships of species 330 
attributes in driving the impacts of species loss on ecosystem functioning 13,14. 331 
One common approach to infer the impacts of directed species loss is to regress 332 
productivity against CWM or trait diversity across richness levels. This approach is 333 
helpful because variation in CWM or trait diversity can be both the result of directed 334 
species loss and the cause of productivity variation. However, our results demonstrate 335 
that (1) it is crucial to focus on sequences of nested communities, not just the overall 336 
average relationship obtained from regression; (2) functioning loss may systematically 337 
occur early or late in the extinction series, depending on the attributes of the species loss. 338 
Considering the slope of the overall relationship in a regression analysis would mask 339 
these important aspects. 340 
We note that our results are from early-stage forest stands (< 10 years-old) and that 341 
species interactions may change during succession, which may further modify the effects 342 
of species loss on ecosystem functioning 30. For example, the observed positive 343 
relationship between stand volume and CWM of SLA (and the negative node-loss effect 344 
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in the SLA-directed extinction scenario) may be only evident at the early forest stages but 345 
may decrease at the late successional stages when pioneer species with high SLA are 346 
becoming less abundant and species with low SLA reach dominance. However, it is also 347 
possible that differences between non-random and random extinction scenarios become 348 
even larger over time, if the temporal trend observed in the current study continues over 349 
time 31. Our on-going long-term experiment will give us the chance to investigate such 350 
future changes potentially compounded by successional dynamics, continued biomass 351 
accumulation and uncertain climatic events. 352 
Although hundreds of studies on the relationships between biodiversity and 353 
ecosystem functioning have been conducted, we argue that the question on how realistic 354 
species loss would impact ecosystem functioning is still far from being resolved due to 355 
the rarity of empirical studies addressing realistic species loss. Our study demonstrates 356 
that biodiversity–ecosystem functioning (BEF) relationships under realistic species loss 357 
can deviate from BEF relationships under random species loss, the extinction scenario 358 
that has been established as de-facto standard in experimental biodiversity research. 359 
Specifically, our results suggest that directed species loss could hamper ecosystem 360 
functioning already at high levels of species richness, where random species loss would 361 
mainly reduce species redundancy with little effect on ecosystem functioning. Our 362 
partitioning approach revealed that changed species interactions were crucial in directed 363 
species loss. The new method is helpful in linking empirical (regression-based) BEF 364 
relationships to species interaction networks, thereby bridging these areas of research. It 365 
could also be applied to other large-scale biodiversity experiments in retrospect or in 366 
future analyses.  367 
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Table 1 | Species attribute-directed extinction scenarios 368 
Species attribute Extinction scenario Data source and calculation 
SLA (specific leaf 
area) 
Species with larger SLA are 
more sensitive to some 
environmental stresses (e.g., 
drought) 15,32, and thus have 
higher extinction risk.  
 




Species distinct in evolutionary 
history may have unique traits, 
niches and habitat requirements 
34, and thus are at higher risk of 
extinction. 
 
Calculated with the phylogeny 31 
of the 40 species present in the 
experiment using the method 
from 35,36. Species with larger ED 
have fewer relatives locally. 
 
Regional rarity Rare species are more prone to 
extinction due to their narrow 
distribution range and high 
vulnerability to habitat 
fragmentation and reduction 8. 
 
Number of counties in China 
with species presences using the 
specimen records from China 
National Specimen Information 
Infrastructure 37. Species rare 
regionally are present in lower 
numbers of counties. 
 
Inverse of taxon 
size 
Species of species-poor 
angiosperm families are at 
higher risk of extinction 6. 
Inverse of the number of species 
within the corresponding family, 
using the records from The Plant 
List 38. 
  369 
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METHODS 370 
Study site and original experimental design 371 
The BEF-China experiment was established in Jiangxi Province, subtropical China 372 
(29°08′–29°11′N, 117°90′–117°93′E). The mean annual temperature and precipitation are 373 
16.7 °C and 1,800 mm, respectively 39. Using a total of 40 native broad-leaf tree species, 374 
we manipulated species richness along both random and non-random extinction scenarios 375 
(Extended Data Fig. 1) to study their effects on ecosystem functioning 20. To gain 376 
generality and increase statistical power, the experimental communities were derived 377 
from multiple, partly overlapping pools of 18 tree species each. The corresponding plots 378 
were established at two different sites of approximately 20 ha each (A and B, established 379 
in 2009 and 2010, respectively) 20,21. In brief, we implemented a broken-stick design 20 to 380 
create the random extinction scenarios. First, we randomly sampled three minimally 381 
overlapping pools of 16 species from a set of 24 species per site (Extended Data Fig. 1). 382 
These were then randomly split into halves, resulting in nested, non-overlapping subsets 383 
of 8, 4, 2 and 1 species. The design makes the average attribute value of two 384 
lower-richness halves equal to that of the corresponding pre-extinction community with 385 
twice the species and each species has the same presence probability across richness 386 
levels. Species composition was replicated for one of the three 16-species pools per site 387 
(Extended Data Fig. 1). We established the plots with two sizes: 0.067 ha (equivalent to 388 
the Chinese area unit of 1 mu) and 0.267 ha (4 mu, only for the two pools with replicates). 389 
We conducted all the analyses at the scale of 1 mu as our previous study did not detect a 390 
scale-dependency of diversity effects in this experiment 21. Therefore, to keep the 391 
description simple, we refer to all 1-mu partitions within the 4-mu plots as plots as well. 392 
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We also designed non-random scenarios, where we did not split species pools 393 
randomly but rather based on preliminary data for two species attributes: specific leaf 394 
area (SLA) and local rarity (species with higher SLA and local rarity going extinct first). 395 
Richness gradients were derived from species pools with decreasing SLA or rarity 20 396 
(Extended Data Fig. 1). Attribute data of some species were missing at the time of setting 397 
up the experiment, thus part of the attribute information was based on the knowledge of 398 
local experts. In the present study, we have now replaced the preliminary data for the two 399 
attributes with newly collated complete data (Table 1), which led to a re-definition of the 400 
extinction steps in these scenarios where species pools were not split randomly (see 401 
below). 402 
We assumed full numerical compensation after extinction 12,19 according to the 403 
substitutive design commonly used in biodiversity experiments 40. That is, remaining 404 
species can fully compensate densities of extinct species with equal probability and 405 
maintain total community density. Thus, all 1-mu plots have the same tree density 406 
(20×20 trees). Species have equal density and are distributed randomly across the regular 407 
20×20 planting positions of grids in each mixture. All designed extinction scenarios 408 
contained plots of 1, 2, 4, 8 and 16 species.  409 
We measured height and basal diameter of the surviving trees in the 16 central 410 
planting positions in site-A plot from 2009–2015 and in site-B plots from 2010–2016 21. 411 
We calculated tree volume proxies using the volume formula for cylinders: 412 
volume	proxy = π(ܾܽݏ݈ܽ	ݎܽ݀݅ݑݏ)ଶℎ݁݅݃ℎݐ. Then we adjusted the volume proxies with 413 
size-specific form factors, estimated from 119 harvested trees near the experimental sites 414 
21. Finally, we aggregated the volumes of the 16 central trees to obtain stand-level tree 415 
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volume. This stand-level tree volume and its annual increment were used as productivity 416 
measures. In this study, we used the plots from both the designed random (373 1-mu 417 
plots, excluding 13 1-mu plots due to unsuccessful establishment of plants at the 418 
beginning of the experiment) and non-random (96 1-mu plots) extinction scenarios 51 419 
from 2009–2016. The plot data of the designed random extinction scenarios from 2013–420 
2016 were from a previous study 21,41, while the other data (the plots of the designed 421 
non-random extinction scenarios for all years and the plots of the designed random 422 
extinction scenarios from 2009 to 2012) are new and original in this study. 423 
 424 
Re-assigning plots to effectively non-random scenarios of directed species loss 425 
The design of nested community compositions allowed us to explore each extinction step 426 
from a pre-extinction community (e.g., community composed by species A and B) to its 427 
corresponding post-extinction communities (e.g., communities composed by species A or 428 
B, separately). The non-random degree of some steps from the designed random scenario 429 
were sometimes even higher than those from the designed non-random scenarios 430 
(Extended Data Fig. 2). That is, extinction steps within designed random scenarios could 431 
be non-random with regard to the differences in attribute composition. Therefore, we 432 
re-assigned plots from both the designed random and non-random scenarios to new 433 
effectively non-random extinction scenarios for the purpose of the present study. 434 
The effectively non-random scenarios of directed species loss were created in the 435 
following way, based on four species attributes that were measured in the experiment or 436 
collected from well-recognized databases (Table 1): SLA (measured in the experiment), 437 
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evolutionary distinctiveness (ED), regional rarity and inverse of taxon size (from small 438 
family). Species with large SLA, high ED, regional rarity or from small clades (from 439 
small family) were considered more extinction-prone than species with opposite attribute 440 
values (Table 1). We log-transformed SLA and taxon size because their original 441 
distributions were right-skewed. We did not directly assess the designed non-random 442 
extinction scenarios because they were based on in-complete data on species attributes at 443 
the time we designed the experiment. 444 
Species-richness gradients in the new scenarios of directed species loss were created 445 
based on an attribute-based filtering rule applied to the 469 plots. We illustrate the rule 446 
using regional rarity as an example (Extended Data Fig. 3). We selected 16, 8, 4 and 2 447 
species from sets of 24, 20, 16 and 12 species of least regional rarity at each site. We kept 448 
the monoculture of the more common species in each two-species mixture. In this way, 449 
communities at lower richness levels contained species that are more common, or rare 450 
species lost first at higher-richness levels (Extended Data Fig. 4). For the scenario based 451 
on the inverse of taxon size, we filtered species from different families by their family 452 
sizes, and species from the same family by their genus sizes. The filtering rule produced 453 
apparent gradients in mean attribute values and extinction risks across richness levels 454 
(Extended Data Fig. 4). Each richness level from each extinction scenario contained at 455 
least 12 plots (red bars in Extended Data Fig. 8). 456 
 457 
Effects of species loss on productivity 458 
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We constructed hierarchical Bayesian models to assess the effects of species richness on 459 
stand-level tree volume (Figs. 2 and 3). At the first hierarchical level, we modeled stand 460 
volume (ݕ௜,௝) of plot i at age j as a normal distribution with an age-specific standard 461 
deviation (ߪ௝) and a mean as a function of age-specific intercept (߮଴,௝), site (ݏ݅ݐ݁௜), 462 
log-transformed designed species richness (݈݋ܴ݃ܵ௜) and random effects of plot (݌݈݋ݐ௜) 463 
and community composition (ܿ݋݉݉௜): 464 
ݕ௜,௝ = ܰ݋ݎ݈݉ܽ൫߮଴,௝ + ߮ଵݏ݅ݐ݁௜ + ߮ଶ,௝݈݋ܴ݃ܵ௜ + ݌݈݋ݐ௜ + ܿ݋݉݉௜, ߪ௝൯														(1). 
Age is the year since planting of tree seedlings in plots. We did not log-transform stand 465 
volume because the log-transformation may exaggerate biodiversity effects due to the 466 
inequality of arithmetic and geometric means. For example, consider that a mixture AB 467 
has productivity equal to 300 and the two corresponding monocultures yield 200 (A) and 468 
400 (B), respectively. The biodiversity effect derived from the untransformed values is 469 
zero (300 – (200+400)/2), while the biodiversity effect derived from the log-transformed 470 
values is positive (log(300)–[log(200)+log(400)]/2 = 0.059). At the second hierarchical 471 
level, we modeled the age-specific intercept (߮଴,௝) and the richness effect (߮ଶ,௝; i.e., the 472 
inverse of the species loss effect) as a linear function of age: 473 
߮଴,௝ = ܰ൫ߚ଴,଴ + ߚ଴,ଵܽ݃݁௝, ߪఈబ൯																																																	(2), 
߮ଶ,௝ = ܰ൫ߚଶ,଴ + ߚଶ,ଵܽ݃݁௝, ߪఈమ൯																																																	(3). 
The random-effects terms were assumed to follow normal distributions with mean zero. 474 
There are two parameters of particular interest: the age-specific effect of species richness 475 
(߮ଶ,௝) and its change across ages (ߚଶ,ଵ; Figs. 2 and 3, Supplementary Table 3). We 476 
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standardized ݈݋ܴ݃ܵ௜ and ܽ݃݁௝ (mean zero and unit standard deviation) before running 477 
the models for faster convergence and easier interpretation of parameters. We 478 
back-transformed the parameters associated with these two variables for presentation of 479 
results. We set diffuse priors for the parameters. We repeated the analysis for 480 
stand-volume increment with the above model (equations 1–3; Extended Data Figs. 5 and 481 
6). We also performed an alternative analysis with stand volume, in which we 482 
constrained the data and parameters associated with stand volume (ݕ௜,௝ and ߮଴,௝) to be 483 
positive, because stand volume should be theoretically positive. The alternative models 484 
produced qualitatively similar results (Extended Data Fig. 10). We ran the models with 485 
and without positive constraints on stand volume in rstan 2.19.2 42 and rjags 4-6 43, 486 
respectively. 487 
We also assessed the effects of CWM attributes and mean pairwise species 488 
dissimilarities (similar to functional diversity) within communities on stand volume at the 489 
latest age (Supplementary Table 4), because directed species loss could change both 490 
CWMs or dissimilarities. CWMs were used as a measure encapsulating effects of the 491 
species’ functional identity, while species dissimilarities were associated with species 492 
interactions and niche differentiation. We calculated species dissimilarities only for SLA 493 
and ED because species differences in regional rarity or taxon size did not have clear 494 
biological meaning with respect to plant species interactions. Species dissimilarities in 495 
SLA and ED were calculated as mean pairwise trait and phylogenetic distances, 496 
respectively. Phylogenetic distance was calculated as the cophenetic distance in a 497 
phylogeny 31. Mean pairwise species dissimilarity within a community was calculated as 498 
functional dispersion (FDis) 18 for SLA, or mean pairwise phylogenetic distance (MPD) 499 
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44 for ED. Both FDis and MPD are measures independent of species richness 18,45. We 500 
constructed linear mixed-effects models in asreml-R 46 to assess the effects of CWMs and 501 
species dissimilarities on stand volume at the latest age separately. Site and CWM or 502 
dissimilarity metric were set as fixed-effects terms while community composition was set 503 
as a random-effects term. To facilitate the comparisons across models, we standardized 504 
both CWMs and dissimilarity metrics (with mean zero and unit standard deviation). 505 
 506 
Decomposing the net effect of species loss on stand volume 507 
We developed a method to decompose the net effect of species loss into a node-loss 508 
effect, a link-loss effect and a link-compensation effect (Fig. 1 and Supplementary Table 509 
2). First, we selected pairs of species compositions of which one was a subset of the other, 510 
representing one step in a nested extinction series (e.g., from 4- to 2-species mixtures). 511 
We normalized each attribute to have extinction probability spanning from 0.01 to 0.99 12 512 
(i.e., ௔௧௧௥௜௕௨௧௘ೞ೛೐೎೔೐ೞି୫୧୬	(௔௧௧௥௜௕௨௧௘)୫ୟ୶(௔௧௧௥௜௕௨௧௘)ି୫୧୬	(௔௧௧௥௜௕௨௧௘) =
௉ೞ೛೐೎೔೐ೞି଴.଴ଵ
଴.ଽଽି଴.଴ଵ ) and calculated the species coextinction 513 
probability as the geometric mean of extinction probability of all species present in a 514 
community ( ௖ܲ௢௠௠௨௡௜௧௬ = ඥ ௦ܲ௣௘௖௜௘௦ିଵ ௦ܲ௣௘௖௜௘௦ିଶ … ௦ܲ௣௘௖௜௘௦ି௡೙ ). We selected nested 515 
community pairs if species coextinction probability of the higher-richness community 516 
( ௛ܲ௜௚௛) was at least 10% more likely than that of the corresponding lower-richness 517 
community ( ௟ܲ௢௪; 
௉೓೔೒೓ି௉೗೚ೢ
௉೗೚ೢ > 10%). In this way, we could assure that each community 518 
pair mimicked an extinction step directed by the specific attribute considered. 519 
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For each selected community pair or extinction step (i.e., from a n-species to a 520 
݊ 2ൗ -species community with n → ݊ 2ൗ , n ≥ 2 and n being an even number), we 521 
decomposed the net effect of species loss on stand volume into three components. The 522 
net effect is defined as the yield difference between post- (mix ቀܵ ଵܲ, … ܵܲ௡ ଶൗ ቁ; 523 
post-extinction community is monoculture when n = 2) and pre-extinction 524 
(mix(ܵ ଵܲ, … ܵ ௡ܲ)) communities: 525 
net	effect൫n → ݊ 2ൗ ൯ = 	mix ቀܵ ଵܲ, … ܵܲ௡ ଶൗ ቁ − mix(ܵ ଵܲ, … ܵ ௡ܲ)													(4). 
Note that our definition of net effect is different from that in additive partitioning 47, 526 
where the net biodiversity effect is the difference between the observed yield of a mixture 527 
and the sum of the expected yields from corresponding monocultures. However, our 528 
partitioning method uses the same core assumption that the observed yield of an 529 
n-species mixture (mix(ܵ ଵܲ, … ܵ ௡ܲ)) is the sum of expected yields from corresponding 530 
monocultures (ଵ௡ ∑ ݉݋݊݋(ܵ ௜ܲ)௡௜ ) and effects of pairwise species interactions 531 
((ଵ௡)ଶ ∑ ߜ௜௝௡௜,௝	(௜ஷ௝) ) 
47,48: 532 











where ߜ௜௝ represents the effect of interspecific interaction between species i and j. We 533 
assume each species has an equal initial density and shares the same area in a community. 534 
Thus, each species has the same relative density 1 ݊ൗ . The second term on the right side 535 
of equation 5 is equal to the net biodiversity effect in additive partitioning (see 536 
Supplementary Table 2) 47. The net biodiversity effect is (1) zero when intraspecific 537 
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competition is equal to interspecific competition on average (i.e., ∑ ߜ௜௝௡௜,௝	(௜ஷ௝) = 0), (2) 538 
positive when the pairwise species interactions are dominated by niche partitioning (i.e., 539 
intraspecific competition > interspecific competition) or facilitation (i.e., ∑ ߜ௜௝௡௜,௝	(௜ஷ௝) >540 
0) or (3) negative when species competition dominates the community (i.e., intraspecific 541 
competition < interspecific competition; ∑ ߜ௜௝௡௜,௝	(௜ஷ௝) < 0). Besides pairwise species 542 
interactions, higher-order interactions among species may also affect community yield, 543 
which is not considered in our approach. 544 
The node-loss effect is the functional difference with regards to monoculture yields 545 
between species remaining in the post-extinction community (1, 2, …݊ 2ൗ ) and species 546 
lost by extinction (݊ 2ൗ + 1, ݊ 2ൗ + 2,…n): 547 









A negative node-loss effect indicates higher yield contributions by species lost than 548 
remaining.  549 
The link-compensation effect (link	comp. ൫n → ݊ 2ൗ ൯) represents the effect of 550 
increased interaction frequency between remaining species on yield due to density 551 
compensation after species extinction (e.g., the relative density of remaining species 552 
increases from 1 nൗ  to 2 nൗ ). We assumed that the average strength of species 553 
interactions (ߜ௜௝) were constant between post- and pre-extinction communities. The effect 554 
of link compensation can be calculated as the sum of two components: 555 
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ۖۓ ൣnet	effect൫n → ݊ 2ൗ ൯ − node	loss൫n → ݊ 2ൗ ൯൧ +
቎mix(ܵ ଵܲ, … ܵ ௡ܲ) −
1
2mix ቀܵ ଵܲ, … ܵܲ௡ ଶൗ ቁ −
1







where the first component represents the sum of link-loss and link-compensation effects, 556 
and the second component is the opposite of the sum of the link-loss effect and 1 3ൗ  of 557 
the link-compensation effect. S൫݊ 2ൗ ൯ represents the set of pairwise interspecific 558 
interactions composed by species 1 to ݊ 2ൗ . When n = 2, the link-compensation effect is 559 
zero because there would be only one remaining species in the post-extinction 560 
community. The full derivation can be found in the Supplementary Information and 561 
worked examples in Supplementary Table 2. A positive effect of link compensation 562 
indicates that remaining links have positive contribution (e.g., through niche partitioning 563 
or facilitation) on yield on average (i.e., ∑ ߜ௜௝ > 0ௌ൫௡ ଶൗ ൯ ). 564 
The link-loss effect represents the effect of lost interspecific interactions between 565 
lost species and between remaining and lost species on yield and can be calculated as the 566 
difference between the net effect and the sum of node and link-compensation effects (see 567 
the Supplementary Information for the full derivation). A negative effect of link loss 568 
indicates that lost links had positive contributions (e.g., through niche partitioning or 569 
facilitation) on yield. In summary, we can calculate the net extinction effect and its three 570 
additive components from the productivity of pre-extinction community, post-extinction 571 
community and corresponding monocultures based on the equations 4, 6 and 7, without 572 
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the need to estimate the coefficients of pairwise interspecific interactions. In 573 
Supplementary Table 2 we provide worked examples for our new partitioning approach 574 
and its comparison with the approach by Loreau and Hector 47. 575 
We decomposed the net effect of species loss for each community pair and took the 576 
average values for the pairs having the same higher-richness plot. We conducted the 577 
partitioning analyses only for SLA- and ED-directed extinction scenarios, because there 578 
were too few pairs reaching the 10% threshold for the scenarios directed by regional 579 
rarity or inverse of taxon size (Extended Data Fig. 8). We calculated the net effect of 580 
species loss for the random extinction scenario as the opposite of average yield difference 581 
between a pre-extinction mixture and its corresponding two halves. Note that some plots 582 
that were used in directed extinction scenario for one attribute might have been used in 583 
non-random extinction scenarios for other attributes. 584 
We constructed a second set of hierarchical Bayesian models to assess the temporal 585 
trends of different components of species loss effects (Fig. 4 and Extended Data Fig. 9): 586 
ݖ௜,௝ = ܰ݋ݎ݈݉ܽ൫ߠ଴,௝ + ߠଵݏ݅ݐ݁௜ + ߠଶ,௝ܽ݃݁௜ + ݌݈݋ݐ௜ + ܿ݋݉݉௜, ߪ൯								(8), 
where ݖ௜,௝ is a specific effect of species loss of pre-extinction plot i in extinction step j 587 
(e.g., from 4 to 2 species); ߠ଴,௝ and ߠଶ,௝ are intercept and slope of age for extinction 588 
step j, respectively; ݌݈݋ݐ௜ and ܿ݋݉݉௜ are random effects of plot and community 589 
composition, respectively; and ߪ is the process error. ߠଶ,௝ is of particular interest as it 590 
represents the change of species loss effect across the ages for a specific extinction step j 591 
(Fig. 4 and Extended Data Fig. 9). We standardized ܽ݃݁௝ (mean zero and unit standard 592 
deviation) before running the models for faster convergence and easier interpretation of 593 
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parameters. We back-transformed the parameters associated with this variable for 594 
presentation of results. The random-effects terms were assumed to follow normal 595 
distributions with mean zero. Although a model with age-dependent errors may describe 596 
the underlying processes in our system more accurately, we found that we were unable to 597 
generate reliable parameter estimates and predictions with such a model (Supplementary 598 
Table 5), and therefore chose a more parsimonious parameterization with a homogeneous 599 
model error (ߪ). The values of ߠ଴,௝ and ߠଶ,௝ were modeled as fixed instead of random 600 
terms because the number of extinction steps was low (three for the link-compensation 601 
effect and four for the others). We repeated this model for net effects, node-loss effects, 602 
link-compensation effects and link-loss effects. 603 
To compare species loss effects among different extinction steps at different ages 604 
(Fig. 5), we fitted a simplified model of equation 8, where we freed the assumption of 605 
linear change of species loss effects through age: 606 
ݖ௜,௝,௞ = ܰ݋ݎ݈݉ܽ൫ߠ଴,௝,௞ + ߠଵݏ݅ݐ݁௜ + ݌݈݋ݐ௜ + ܿ݋݉݉௜, ߪ൯																(9), 
where ߠ଴,௝,௞ represents the average effect of species loss for extinction step j at age k 607 
(Fig. 5) and was modeled as a fixed term. We ran the Bayesian models associated with 608 
equations 8 and 9 in rjags 4-6 43. 609 
We used R 3.3.1 49 for all analyses. We ran Bayesian models with three parallel 610 
chains. We assessed parameter convergence both visually and by Gelman and Rubin’s 611 
convergence diagnostics (with a cutoff value of 1.05) 50.  612 
 613 
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FIGURE LEGENDS: 780 
Figure 1 | Conceptual diagram showing the processes affecting community 781 
productivity after loss of species A and B from a community of four species A–D. a: 782 
species interactions (links) connect the four species (nodes) within the community as a 783 
network. Extinction causes the loss of two nodes (A and B) and five links (blue and grey 784 
lines), while the density compensation by the remaining species (C and D) increases the 785 
frequency of interaction between the remaining species (red lines; link compensation). 786 
Species links can have negative (red lines; ߜ < 0 due to interspecific competition), 787 
positive (blue lines; ߜ > 0 due to niche partitioning or facilitation) or neutral (grey line; 788 
ߜ = 0 when intraspecific competition = interspecific competition) contributions to 789 
community productivity compared with corresponding monocultures. b: partitioning of 790 
the net extinction effect from panel a into three components. The node-loss effect 791 
considers only the difference relating to monoculture yields between lost and remaining 792 
species. If lost species (A and B) have higher monoculture productivity than remaining 793 
species (C and D), the pre-extinction community yields more than the post-extinction 794 
community (indicated by “>”) and the effect of node loss is negative. We can derive the 795 
effects of link loss and compensation after removing the node-loss effect (greyed species 796 
symbols). If the lost links (blue and grey lines) are dominated by niche partitioning or 797 
facilitation, the pre-extinction community is more productive than the post-extinction 798 
community (“>”) and the effect of link loss is negative. If there is strong competition 799 
between remaining species (red lines), the pre-extinction community is more productive 800 
than the post-extinction community (“>”) and the effect of link compensation is negative 801 
(for further examples see Supplementary Table 2).  802 
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Figure 2 | Effects of species loss on stand volume across forest ages along five types 803 
of extinction scenarios. Species loss is random (a) or directed by specific leaf area (SLA; 804 
b), evolutionary distinctiveness (ED; c), regional rarity (d) or inverse of taxon size (from 805 
small family, e). Points and vertical lines represent means and two-times standard errors 806 
of observed stand volume, respectively. Lines are fitted relationships between stand 807 
volume (y axis) and species richness in the plot (x axis, note reverse order from high to 808 
low values) from Bayesian models. Solid lines represent significant declines of stand 809 
volume with species loss. Each richness level from each extinction scenario contained at 810 
least 12 plots.  811 
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Figure 3 | Effects of species loss on stand volume strengthen with forest age along 812 
five types of extinction scenarios. Species loss is random (a) or directed by specific leaf 813 
area (SLA; b), evolutionary distinctiveness (ED; c), regional rarity (d) or inverse of taxon 814 
size (from small family, e). Points and vertical lines represent medians and 95% credible 815 
intervals (CI) of estimated net effect of species loss across richness levels, respectively. 816 
Filled points represent significant effects of species loss on stand volume. Blue lines are 817 
the fitted relationships between age and net effect of species loss. Results are considered 818 
as significant if their 95% CI excludes zero.  819 
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Figure 4 | Net effects of species loss and their additive components (node-loss, 820 
link-loss and link-compensation effects) on stand volume in different extinction 821 
steps across forest ages for random and effectively non-random (directed by SLA 822 
and ED; abbreviations defined in Fig. 2) extinction scenarios. Points and vertical lines 823 
represent the means and two-times standard errors of observed effects of species loss. 824 
Lines are fitted relationships between forest age and species loss effect from Bayesian 825 
models. Solid lines represent significant changes of species loss effect with forest age. n 826 
represents the average number of 1-mu plots across ages used in each panel.  827 
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Figure 5 | Net effects of species loss and their additive components (node-loss, 828 
link-loss and link-compensation effects) on stand volume in different extinction 829 
steps at the latest age for random (red) and effectively non-random (blue; directed 830 
by SLA and ED, abbreviations defined in Fig. 2) extinction scenarios. Points and 831 
vertical lines represent the medians and 95% CI of estimated effects of species loss from 832 
Bayesian models. Filled points represent significant effects of species loss on stand 833 
volume. Results are considered significant if their 95% CI exclude zero. 834 
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